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A radiation measuring device having a plurality of sensors
configured to generate charges in response to the radiation
includes a signal processing device. The signal processing
device uses an signal generated by a proton beam irradiation

device upon changing of beam energy and causes accumula-
tion values of charges output from the sensors to be separately
stored 1n a main control device for each value of the energy.
The main control device calculates depth dose profiles for
values of the beam energy from the accumulation values
stored 1n the main control device and representing the

charges. The main control device calculates a range of the
beam for each of the values of the beam energy from the depth
dose profiles, corrects the depth dose profiles for the values of

the beam energy using a correction coetlicient that depends
on the range and sums the corrected depth dose profiles.
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RADIATION MEASURING DEVICE,
PARTICLE BEAM THERAPY DEVICE
PROVIDED WITH RADIATION MEASURING
DEVICE, AND METHOD FOR CALCULATING
DOSE PROFILE OF PARTICLE BEAM

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a radiation measur-
ing device capable of detecting radiation such as a particle
beam, a particle beam therapy device provided with the radia-
tion measuring device, and a method for calculating a dose
profile of a particle beam.

[0002] For particle beam therapy, a scanning irradiation
method tends to be widely used.

[0003] In the scanning irradiation method, a target is
divided into microscopic regions (hereinaiter referred to as
spots) that are each 1rradiated with a beam with a small radius
(of 10=3 to 20 mm). Alter a predetermined dose has been
applied to a certain spot, the beam 1rradiation 1s stopped and
then, the next spot 1s scanned with the beam. Scanning elec-
tromagnets are used for scanning the beam in a direction
perpendicular to 1ts propagation direction (Hereinafter, the
propagation direction 1s referred to as “a depth direction™; the
direction perpendicular to the depth direction 1s referred to as
“a lateral direction”). After a predetermined dose has been
applied to each of all spots existing at a certain depth, the
beam 1s next scanned in the depth direction. The beam scan-
ning in the depth direction requires an energy change of the
beam, the energy change being made by an accelerator or a
range shifter. Thus, uniform doses are applied to all the spots
or the overall target.

[0004] In this case, an operator uses a radiation measuring
device to measure a position 1rradiated with the beam and a
depth dose profile and analyzes results of the measurement so
as to determine whether or not a particle beam therapy device
1s appropriately adjusted.

[0005] As a conventional radiation measuring device, a
multilayer 1onization chamber (MLIC) that has a structure of
parallel plate iomization chambers stacked 1n a depth direction
and 1s capable of measuring a depth dose profile of a particle
beam at the same time 1s known (refer to JP-2011-153833-A
and ‘M. Shimbo, et al., “Development of a Multi-layer Ion
Chamber for Measurement of Depth Dose Distributions of

Heavy-1on Therapeutic Beam for Individual Patients™, NIP-
PON ACTA RADIOLOGICA 2000 60 274-279).

SUMMARY OF THE INVENTION

[0006] The atorementioned multilayer 1onization chamber
can measure a depth dose profile of a particle beam at one
time, which leads to an advantage of reducing the dose-
measurement time, compared with a water phantom.

[0007] The water phantom 1s a radiation measuring device
having a small sensor in a water tank. Due to the motor, the
sensor can freely move in the water tank of the water phan-
tom. When measuring a depth dose profile, however, the
sensor needs to scan at each point of the dose profile, which
requires a long time to confirm the performance of a therapy
device.

[0008] However, since a multilayer 1onization chamber
described 1n JP-2011-1353833-A 15 formed of a material dii-
ferent from water, there 1s a difference between a depth dose
profile measured by the multilayer 1on1zation chamber and a
depth dose profile measured by the water phantom.
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[0009] A device for particle beam therapy 1s adjusted using
a dose profile of water as a standard. Thus, the multilayer
ionization chamber 1s traditionally applicable to a part of
confirmation items such as reproducibility of a depth dose
profile and a range.

[0010] Thus, a radiation measuring device, which 1s typi-
fied by a multiplayer 1onization chamber and provided with a
plurality of sensors, 1s requested to be applicable to a larger
number of confirmation i1tems for performance of a particle
beam therapy device, and there 1s a demand to reduce a time
for performance confirmation of therapy device.

[0011] It 1s an object of the present invention to provide a
radiation measuring device having a reduced ditierence from
water phantoms, a particle beam therapy device provided
with the radiation measuring device, and a method for calcu-
lating a dose profile of a particle beam.

[0012] To achieve the above object, configurations
described below can be employed. While the present inven-
tion contains a plurality of means for achieving the above
object, the following configuration can be employed, for
example: A radiation measuring device configured to detect a
particle beam emitted by a particle beam therapy device
includes a sensor unit having a plurality of sensor elements
configured to generate charges in response to the particle
beam; a signal processing device configured to separately
collect, for each of the sensor elements, charges generated by
cach of the sensor elements of the sensor unit and perform an
accumulation process; and a main control device configured
to calculate a dose profile from accumulation values calcu-
lated 1n the accumulation process performed by the signal
processing device. The signal process device includes an
accumulating umt configured to separately accumulate, for
cach of the sensor elements, charges output from each of the
sensor elements for each timing of the signal reception from
the particle beam 1rradiation device, and an output unit con-
figured to output the accumulation values calculated 1n the
accumulation process performed by the accumulating unit to
the main control device. The main control device includes a
storage unit configured to store the accumulation values cal-
culated for each times of the signal reception from the signal
processing device, a first calculator configured to calculate,
from the accumulation values stored 1n the storage unit, the
dose profile for each timing of the signal reception, and a
second calculator configured to correct the dose profile for
cach timing of the signal reception calculated by the first
calculator, and sum the corrected dose profiles.

[0013] According to the invention, a radiation measuring
device, which 1s provided with a plurality of sensors and
typified by a multilayer 1onization chamber, 1s capable of
measuring a dose with high precision and has a reduced
difference from water phantoms. Thus, the multilayer 1on1za-
tion chamber 1s applicable to a larger number of confirmation
items, and a time for performance confirmation of a therapy
device 1s reduced.

BRIEF DESCRIPTION OF DRAWINGS

[0014] FIG. 1 1s a diagram 1illustrating an overall configu-
ration of a particle beam therapy device according to an
embodiment of the invention.

[0015] FIG. 21sablock diagram illustrating a configuration
of a radiation measuring device according to the embodiment
of the invention.
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[0016] FIG. 3 1s a perspective view of a configuration of a
sensor unit used for the radiation measuring device according
to the embodiment of the invention.

[0017] FIG. 4 1s a perspective view of a configuration of a
charge collection printed board used for the sensor unit of the
radiation measuring device according to the embodiment of
the 1nvention.

[0018] FIG. 5 1s a perspective view of a configuration of a
high-voltage application printed board used for the sensor
unit of the radiation measuring device according to the
embodiment of the invention.

[0019] FIG. 6 1s a flowchart of PDD measurement per-
formed 1n volume 1rradiation and including operations of a
proton beam 1rradiation device according to the embodiment
of the mmvention and operations of the radiation measuring
device according to the embodiment of the mvention.

[0020] FIG. 7 1s an outline diagram illustrating a range
modulation wheel installed 1n an irradiation nozzle of the
particle beam therapy device according to the embodiment of
the 1nvention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0021] Herematter, an embodiment of a radiation measur-
ing device according to the invention, a particle beam therapy
device provided with the radiation measuring device, and a
method for calculating a dose profile of a particle beam 1s
described with reference to the accompanying drawings.

[0022] In a particle beam 1rradiation device that uses a
scanning irradiation method, scanming electromagnets and
the like are adjusted so that a beam 1s scanned on a designated
position 1n a lateral direction, and an accelerator and the like
are adjusted so that the beam has a designated range. The
range indicates a depth that the beam reaches, the range
depending on initial energy of the beam.

[0023] In general, 1n order to confirm results of the adjust-
ment of the particle beam 1rradiation device, the radiation
measuring device measures a position irradiated with the
beam, a depth dose profile, and the like. A depth dose profile
of a particle beam having a single energy value 1s referred to
as a Bragg curve. The range 1s calculated from the Bragg
curve. In volume irradiation, a dose profile 1n a lateral direc-
tion 1s also measured. The volume 1rradiation 1s to form a
uniform dose profile 1n an arbitrary region (referred to as an
alfected area or a target) of an object to be 1rradiated, 1n

accordance with a procedure of the scanning irradiation
method.

[0024] The radiation measuring device 1s composed of a
signal processing device and a sensor configured to output an
clectric signal mainly 1n response to radiation. A representa-
tive example of the sensor 1s an 1onization chamber.

[0025] The 1onization chamber has a structure in which an
ionization layer (formed of a material such as air or rare gas)
1s sandwiched between two electrodes. A high voltage 1s
applied to one of the electrodes so that an electric field 1s
formed over the 1omization layer. Ionization charges gener-
ated from the 1onization layer upon 1rradiation with the beam
are collected. The amount of the 1onization charges 1s propor-
tional to the amount [MeV] of energy loss of the beam in the
ionization layer. In addition, the amount of the energy loss 1s
proportional to a dose at a position at which the iomization
chamber 1s installed. The signal processing device converts
the charges generated from the 1oni1zation layer into a digital
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value and displays the digital value on a display or the like.
The digital value 1s further stored in a storage device such as

a hard disk drive.

[0026] A radiation measuring device that has a structure of
a plurality of parallel plate 1onization chambers stacked 1n a
depth direction 1s referred to as a multiplayer 1onization
chamber (hereinafter, referred to as “MLIC”). The parallel
plate 1onization chambers each have a structure in which an
ionization layer 1s sandwiched between two plate-like elec-
trodes 1n parallel. A dose D (unit [Gy]) 1s calculated by
multiplying the amount of charges (unit [C]) obtained from
the 10nization layer by a conversion factor (unit [Gy/C]).

[0027] MLIC can measure a depth dose profile of a particle
beam at one time, which leads to an advantage of reducing the
dose-measurement time, compared with a water phantom.

[0028] As described above, the water phantom, which 1s a
radiation measuring device having a small sensor 1n a water
tank, has a disadvantage of taking a long time 1n measuring a
dose.

[0029] The multiplayer 1onization chamber 1s formed of a
material such as glass epoxy different from water. Thus, the
multiplayer ionization chamber and the water phantom are
different from each other with regard to a nuclear cross sec-
tion of a particle beam and a region of range straggling in the
multilayer 1onization chamber. Furthermore, there 1s a ditfer-
ence between a depth dose profile measured by the multi-
player 1onization chamber and a depth dose profile measured
by the water phantom.

[0030] A radiation measuring device, which has a reduced
difference from the water phantoms and 1s provided with a
plurality of sensors typified by a multilayer ionization cham-
ber, and a particle beam therapy device having the radiation
measuring device, are provided according to the mvention
and described below.

[0031] Configurations and operations of a radiation mea-
suring device and a particle beam therapy device according to

the embodiment of the invention are described below with
reference to FIGS. 1 to 6.

[0032] FIG. 1 1s a diagram 1illustrating an overall configu-
ration of the particle beam therapy device provided with the
radiation measuring device according to the embodiment of
the mvention.

[0033] The particle beam therapy device includes the radia-
tion measuring device 101 and a proton beam 1rradiation

device 102.

[0034] Theradiation measuring device 101 adjusts the pro-
ton beam 1rradiation device 102 that uses the scanning irra-
diation method. The radiation measuring device 101 evalu-
ates performance of the proton beam 1rradiation device 102
by measuring a depth dose profile of a beam emitted by the
proton beam 1rradiation device 102. Detailed configurations
and the like of the radiation measuring device 101 are
described later.

[0035] Although the proton beam irradiation device 102 1s
described as a particle beam irradiation device as an example,
the radiation measuring device according to the mvention 1s
also applicable to a heavy particle beam irradiation device
that uses particles (a carbon beam or the like) having a greater
mass than protons. In addition, the proton beam 1rradiation
device 102 1s not limited to the device that uses the scanning
irradiation method; the proton beam 1rradiation device 102
may alternatively emit protons using a scatterer irradiation
method.
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[0036] As illustrated in FIG. 1, the proton beam 1rradiation
device 102 includes a proton generating device 103, a proton
transporting device 104, and a rotary irradiation device 105.
Although the embodiment describes the rotary irradiation
device 105 that has a rotary gantry as an example, the irra-
diation device may be of a fixed type.

[0037] The proton generating device 103 includes an 10n
source 106, an upstream-side accelerator 107 (for example, a
linear accelerator), and a synchrotron 108. Proton 10ns gen-
crated by the 1on source 106 are first accelerated by the
upstream-side accelerator 107. A proton beam (heremafter
merely referred to as a beam) output from the upstream-side
accelerator 107 1s accelerated by the synchrotron 108 so as to
have predetermined energy. After that, the beam 1s output to
the proton transporting device 104 from an output deflector
109. Finally, the beam passes through the rotary irradiation
device 105 to irradiate the radiation measuring device 101.

[0038] Therotary irradiation device 103 includes the rotary
gantry (not illustrated) and an 1rradiation nozzle 110. The
irradiation nozzle 110, installed at the rotary gantry, rotates
with the rotary gantry. A part of the proton transporting device
104 1s attached to the rotary gantry. In the embodiment, the
synchrotron 108 1s used as a device for accelerating the proton
beam, but may be replaced with a cyclotron or a linear accel-
erator.

[0039] Next, an outline of the scanning 1rradiation method
achieved by the 1rradiation nozzle 110 according to the
embodiment 1s described.

[0040] According to the scanning irradiation method, an
irradiation range 1s divided 1into microscopic regions (spots),
and the each spots are irradiated with the beam. After a
predetermined dose has been applied to a spot, the 1irradiation
1s stopped and then, the beam 1s scanned on a next predeter-
mined spot. When scan the beam 1n the lateral direction, two
pairs of scanning electromagnets (not illustrated) included in
the 1rradiation nozzle 110 are used.

[0041] Adter a predetermined dose has been applied to each
of all spots located at a certain depth, the 1rradiation nozzle
110 begins to scan the beam in the depth direction. The beam
energy 1s changed by changing a condition of the synchrotron
108 or using a range shifter (not 1llustrated) installed 1n the
irradiation nozzle 110 or the like. Thus, the beam 1s scanned
in a depth direction.

[0042] By repeating such a procedure, uniform dose pro-
files are formed as a result.

[0043] The 1rradiation nozzle 110 has a dose monitor 112
for detecting a dose of the output beam (irradiation beam).
Although the 1rradiation 1s stopped when the predetermined
dose has been applied to a spot, the beam may be not stopped
and directed at the next spot, which 1s called the “raster
scanning method.”

[0044] Intheembodiment, a straight line through which the
center of the beam passes 1n a state in which the scanning
clectromagnets are not excited 1s defined as a beam axis. In
addition, a point at which a rotational axis of the rotary
irradiation device 105 intersects with the beam axis 1s defined
as an 1socenter. In the scanning 1rradiation method, the spread
of the beam 1n the lateral direction 1n the vicinity of the
1socenter 15 10=3 mm to 20 mm.

[0045] Theradiation measuring device 101 i1s installed on a
patient couch 114. The patient couch 114 can move the radia-
tion measuring device 101 1n a direction of the beam axis
(Z-axis direction). In addition, the patient couch 114 can
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move the radiation measuring device 101 1n two directions
perpendicular to the Z-axis direction (X-axis direction and
Y-axis direction).

[0046] Next, a detailed configuration of the radiation mea-
suring device 101 according to the embodiment 1s described
with reference to FI1G. 2. F1G. 2 1s a block diagram 1llustrating,
the detailed configuration of the radiation measuring device
according to the embodiment of the mvention. In FIG. 2,
reference numerals and symbols that are the same as those
illustrated 1n FIG. 1 represent the same parts as illustrated 1n
FIG. 1.

[0047] The radiation measuring device 101 includes range
shifters 201, a range shifter driving control device 202, a
sensor unit 203, a high-voltage power supply 204, a signal
processing device 205, and a main control device 206.

[0048] The range shifters 201 are located at the upstream
side of the sensor unit 203 1n the direction 1n which the beam
propagates (hereinaiter referred to as a depth direction or a
Z-axi1s direction). The range shifters 201 include a plurality of
energy absorbers 201 A having different water equivalent
thicknesses. In the embodiment, the range shifters 201
include five energy absorbers 201 A having water equivalent
thicknesses 01 0.2 mm, 0.4 mm, 0.8 mm, 1.6 mm, and 3.2 mm.
When the range shifter driving control device 202 transmits a
signal to the range shifters 201, the range shifters 201 operate
a motor (not illustrated) and insert and retract the energy
absorbers 201 A mto and from positions through which the
beam passes. When the beam passes through the energy
absorbers 201 A, a measurement position of, the radiation
measuring device 101 changes by a distance corresponding to
the water equivalent thicknesses in the depth direction. In this
manner, the radiation measuring device 101 according to the
embodiment adjusts its measurement position 1n the depth
direction.

[0049] The measurement position can be adjusted within a
range that 1s equal to the water equivalent thickness obtained
by combining the five energy absorbers 201A; the range 1s
from 0.2 mm to 6.2 mm, at intervals of 0.2 mm.

[0050] A matenial of the energy absorbers 201A, the num-
ber of the energy absorbers 201 A, and the water equivalent
thicknesses of the energy absorbers 201 A are arbitrary. In the
embodiment, plates formed of acrylonitrile butadiene styrene
(ABS) resin are used as the energy absorbers 201 A. A water
equivalent thickness of an object indicates the thickness of
water required to give, to a particle beam, the amount of
energy loss equal to the particle beam that has passed through
the object.

[0051] Next, a configuration of the sensor unit 203 used for
the radiation measuring device 101 according to the embodi-
ment 1s described. FIG. 3 1s a perspective view of the con-
figuration of the sensor unit used for the radiation measuring
device of the particle beam therapy device according to the
embodiment of the invention. In FIG. 3, reference symbols
that are the same as those illustrated 1n FIG. 2 indicate the
same parts as 1llustrated in FIG. 2.

[0052] As illustrated 1 FIG. 3, the sensor umt 203 has a
structure 1n which charge collection printed boards 301 and
high-voltage application printed boards 302 are alternately
stacked 1n the depth direction (Z-axis direction). The number
of the stacked charge collection printed boards 301 and the
number of the stacked high-voltage application printed
boards 302 are arbitrary, but need to be 1 or more. Although
three charge collection printed boards 301 and three high-
voltage application printed boards 302 are stacked in an
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example 1llustrated 1n FIG. 3, 50 charge collection printed
boards 301 and 350 high-voltage application printed boards
302 are actually stacked, for example.

[0053] Spacers 303 are arranged between the charge col-
lection printed boards 301 and the high-voltage application
printed boards 302. Iomization layers are formed between the
charge collection printed boards 301 and the high-voltage
application printed boards 302 by the 1nsertion of the spacers
303. The spacers 303 are msulating bodies.

[0054] In the embodiment, 1f 51 charge collection printed
boards 301 and 51 high-voltage application printed boards
302 are stacked, the number of 1onization layers 1s 100. The
ionization layers are filled with 1onized gas. In the embodi-
ment, the 1oni1zation layers are open to air, and the air 1s used
as the 1onmized gas. The 1onization layers may be sealed and
have a configuration 1n which 1onized gas such as argon 1s
circulated by a gas cylinder or the like. In addition, the stacked
charge collection printed boards 301, the stacked high-volt-
age application printed boards 302, and the spacers 303 are
fixed using bolts 304. The fixing method 1s not limited to this
as long as the charge collection printed boards 301, the high-
voltage application printed boards 302, and the spacers 303
are stacked and fixed 1n a stable manner.

[0055] The charge collection printed boards 301 and the
high-voltage application printed boards 302 are glass epoxy
plates that each have front and back surfaces (X-Y surfaces)
on which electrodes are deposited and that are perpendicular
to the depth direction. The electrodes are formed of copper
and plated with nickel and gold. The printed boards, however,
are not limited to the glass epoxy plates as long as the printed
boards are insulating bodies. The electrodes are not limited to
copper, nickel, and gold as long as the electrodes are conduc-
tive bodies. In the embodiment, the charge collection printed
boards 301 and the high-voltage application printed boards
302 have thicknesses nearly equal to each other, and both
have a water equivalent thickness of 4.0 mm.

[0056] Next, configurations of the charge collection printed
boards 301 used for the sensor unit 203 of the radiation
measuring device 101 according to the embodiment are
described with reference to FIG. 4. FIG. 4 1s a perspective
view ol the configuration of each of the charge collection
printed boards 301 used for the sensor unit 203 of the radia-
tion measuring device 101 according to the embodiment of
the 1nvention.

[0057] Asillustrated in FIG. 4, the electrodes of both front
and back surfaces of each of the charge collection printed
board 301 are each electrically divided into three regions. On
cach of the front and back surfaces of each of the charge
collection printed boards 301, a region that includes the cen-
ter of the charge collection printed board 301 (central region)
1s treated as a small electrode (first electrode) 401, a region
that surrounds the small electrode 401 i1s treated as a large
clectrode (second electrode) 402, and a region that 1s located

at the outermost side 1s treated as a guard electrode (third
clectrode) 403.

[0058] The small electrode 401 1s connected to a conduct-
ing wire 404A, the large electrode 402 1s connected to a
conducting wire 405A, and the guard electrode 403 1s con-
nected to a conducting wire 406 A. An end of the conducting
wire 404 A connected to the small electrode 401 and an end of
the conducting wire 405A connected to the large electrode
402 are connected to an 1input of the signal processing device
205 through an internal layer of the printed board. Specifi-
cally, the conducting wire 404 A connects the small electrode
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401 to the signal processing device 203, and the conducting
wire 405A connects the large electrode 402 to the signal
processing device 205. An end of the conducting wire 406 A
connected to the guard electrode 403 1s grounded.

[0059] The guard electrode 403 prevents a leak current
from flowing from the high-voltage application printed
boards 302 to the small electrode 401 and the large electrode
402.

[0060] An electrode composed of the small electrode 401
and the large electrode 402 1s formed 1n a shape that 1s suili-
ciently larger than the beam (10=3 to 20 mm at the 1socenter)
spreading like a two-dimensional Guassian distribution in the
lateral direction due to scattering and driit of the beam within
the radiation measuring device 101. The electrodes of the
charge collection printed board 301 have a symmetric struc-
ture on both surfaces and collect charges from the 1onization
layers facing the front and back surfaces.

[0061] A conducting wire 4068 1s connected to the guard
clectrode located on the back surface and 1s grounded. A
conducting wire 404B 1s connected to the small electrode
located on the back surface and i1s connected to the signal
processing device 203, while a conducting wire 4058 1s con-
nected to the large electrode located on the back surface and
1s connected to the signal processing device 205.

[0062] The charge collection printed board 301 has bolt
holes BH at four corners of the charge collection printed
board 301. The bolts 304 1llustrated 1n FIG. 3 extend through
the bolt holes BH.

[0063] Next, configurations of the high-voltage application
printed boards 302 used for the sensor unit 203 of the radia-
tion measuring device 101 according to the embodiment are
described with reference to FIG. 5. FIG. 5 1s a perspective
view ol the configuration of each of the high-voltage appli-
cation printed boards 302 used for the sensor unit 203 of the
radiation measuring device 101 according to the embodiment
of the invention.

[0064] As illustrated in FIG. 5, the electrodes of both front
and back surfaces of each of the high-voltage application
printed boards 302 are each electrically divided into two
regions, a central region and an outer region. The central
region 1s treated as a high-voltage application electrode 501,
and the outer region 1s treated as a guard electrode 502.
[0065] The high-voltage application electrode 501 1s con-
nected to a conducting wire 503 A, and the guard electrode
502 1s connected to a conducting wire 504A. The conducting
wire 503A connects the high-voltage application electrode
501 to the high-voltage power supply 204 and applies a high
voltage (of several thousand volts or lower 1n absolute value)
supplied from the high-voltage power supply 204 to the high-
voltage application electrode 501. An end of the conducting
wire 504 A connected to the guard electrode 502 1s grounded.
[0066] The guard electrode 502 prevents a leak current
from tlowing from the high-voltage application printed board
302 to the small and large electrodes 401 and 402 on the
charge collection printed boards 301.

[0067] Since the small and large electrodes 401 and 402 of

the charge collection printed boards 301 are at approximately
0 volts, electric fields are formed 1n the depth direction at the
ionization layers.

[0068] Since the electrodes of the high-voltage application
printed board 302 have a symmetric structure on both sur-
faces, the high-voltage 1s applied to the high-voltage applica-
tion electrodes located on the front and back surfaces of the

high-voltage application printed board 302.
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[0069] A conducting wire 504B 1s connected to the guard
clectrode located on the back surface and 1s grounded. In
addition, a conducting wire 503B 1s connected to the high-
voltage application electrode located on the back surface and
1s connected to the high-voltage power supply 204.

[0070] In addition, the high-voltage application printed
board 302 has boltholes BH at four corner of the high-voltage
application printed board 302. The bolts 304 illustrated 1n
FIG. 3 extend through the bolt holes BH of the high-voltage
application printed board 302.

[0071] Sincethe sensorunit 203 has the above structure, the
distance between the center of the charge collection printed
board 301 and that of the adjacent charge collection printed
board 302 1s associated with one sensor 1n the depth direction.
The average of the water equivalent thicknesses of the sensors
1s 4.0 mm. Thus, 1f the range shifters 201 are not used, the
radiation measuring device 101 according to the embodiment
can measure a Bragg curve at intervals of 4.0 mm.

[0072] In the embodiment, the actual thicknesses of the
charge collection printed boards 301 and high-voltage appli-
cation printed boards 302 are approximately 2 mm. In addi-
tion, the thicknesses of the spaces or the thicknesses of the
ionization layers located between the charge collection
printed boards 301 and the high-voltage application printed
boards 302 are 2 mm. Thus, the actual thicknesses of the
sensors are equal to the water equivalent thicknesses (having
average of 4.0 mm). If the radiation measuring device 101 1s
designed so that the water equivalent thicknesses are equal to
the actual thicknesses of printed boards 301 and 302, it 1s not
necessary to perform an iverse square correction of mea-
sured values. The beam 1n particle beam therapy can be
approximately regarded as being uniformly irradiated with
the beam from a point source. Thus, the number of beam
particles per unit of area (fluence) decreases 1n iverse pro-
portion to the square of a distance from the point source.
Thus, it an actual distance between a certain sensor and a front
surface of the sensor unit 203 is different from a distance
calculated 1n water equivalent thickness, a correction (inverse
square correction) of a difference between the numbers of
particles needs to be performed. Since the inverse square
correction can be performed 1n the invention, 1t 1s not neces-
sarily necessary to match the thicknesses of the sensors with
the water equivalent thicknesses.

[0073] Referring to FIG. 2, the signal processing device
205 1ncludes an accumulating unit 20354 and an output unit
2055.

[0074] The accumulating unit 205« separately accumulates
ionized charges collected by the small and large electrodes of
cach of layers of the sensor unit 203 every time the accumus-
lating unit 2034 receives a signal from the proton beam irra-
diation device 102.

[0075] The proton beam 1rradiation device 102 has a dose
monitor 112 located 1n a path of the beam 1n the 1rradiation
nozzle 110 for monitoring a dose of the beam for each spot.
The dose monitor 112 1s a parallel plate 1onization chamber
and outputs, to the signal processing unit 205, ionized charges
generated by the dose monitor 112 and proportional to the
amount of energy loss of the beam 1n the 1onization layers.
The accumulating unit 205¢a of the signal processing device
205 accumulates the 1onized charges output from the dose
monitor (not shown).

[0076] In addition, the signal processing device 205 uses
the accumulating unit 205q to digitalize results of the accu-
mulation of the 1onized charges collected by the small and
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large electrodes ofthe layers of the sensor unit 203 and results
of the accumulation of the 1on1zed charges collected from the
dose monitor 112. Then the signal processing device 205
outputs the digitalized results to the main control device 206
through the output unit 20556. The main control device 206
uses accumulation values obtained from the dose monitor 112
to normalize accumulation values obtained from the sensor
unit 203 and thereby calculates dose profiles and corrects a
dispersion of measurement results, the dispersion being
caused by a variation of the irradiation-beam amount.
[0077] The main control device 206 includes a storage unit
2064q, a first calculator 20654, a second calculator 206¢, and a
third calculator 2064d.

[0078] The storage unit 206a stores accumulation values
input from the signal processing device 205 each time the
main control device 206 receives a signal from the proton
beam 1rradiation device 102.

[0079] The first calculator 20654 calculates each time’s dose
profiles from accumulation values obtained from the sensor
unit 203 which are stored 1n the storage unit 206a and accu-
mulation values obtained from the dose monitor 112.

[0080] The second calculator 206¢ corrects the dose pro-
files calculated by the first calculator 2064 at the times of the
reception and sums the dose profiles, the second calculator
206¢ using a correction coellicient C (E, x) that depends on
the energy of the particle beam.

[0081] The third calculator 2064 calculates a range of the

particle beam from the each time’s dose profiles calculated by
the first calculator 206a.

[0082] Since the electrodes of the charge collection printed
boards 301 are each formed 1n a double concentric circular
shape, the radiation measuring device 101 according to the
embodiment of the mvention can measure two types of dose
profiles: a percentage depth dose (PDD) and an integral depth
dose (IDD).

[0083] The PDD indicates a dose profile of radiation on a
certain axis in the depth direction (beam axis 1n general ). The
IDD 1s obtained by integrating doses 1n the lateral direction
and indicates a dose profile for each depth.

[0084] The radiation measuring device 101 according to
the embodiment can measure the PDD by using only signals
from the small electrodes 401. The radiation measuring
device 101 according to the embodiment can measure the
IDD by adding the signals obtained from the small electrodes
401 to signals obtained from the large electrodes 402.
[0085] However, the shapes of the electrodes of the charge
collection printed boards 301 according to the embodiment of
the invention are arbitrary. For example, the electrodes of the
charge collection printed boards 301 may be divided into
parts arranged 1n a matrix form or into stripe parts 1n order to
measure dose profiles 1n the lateral direction, and 1onized
charges may be obtained from the divided electrodes. In
addition, the shapes of the electrodes of the high-voltage
application printed boards 302 may be arbitrary as long as a
desired distribution of electric fields can be formed within the
ionization layers.

[0086] In the embodiment, the radiation sensors that are
composed of the 1onization layers and the pairs of the elec-
trodes sandwiching the 1onization layers are referred to as
ionization chambers. It can be said that the sensor unit 203
according to the embodiment has a structure in which the
ionization chambers are stacked 1n the depth direction.

[0087] According to the invention, the 1onization chambers
may be replaced with semiconductor detectors or scintillation
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counters. Specifically, even 11 the sensor unit 203 has a struc-
ture 1n which the semiconductor detectors or the scintillation
counters are stacked in the depth direction, the same effects as
the embodiment can be obtained. In this case, the semicon-
ductor detectors or the scintillation counters react to energy
loss of radiation 1n the semiconductor detectors or the scin-
tillation counters and output electric signals 1n response to the
energy loss.

[0088] In general, the semiconductor detectors are semi-
conductor elements formed by bonding p-type semiconduc-
tors and n-type semiconductors. When the semiconductor
detectors are used as the radiation sensors, inverse voltages
are applied to elements of the semiconductor detectors to
expand depletion layers of bonded parts of the semiconductor
detectors. The depletion layers serve as the 1onization layers.
When radiation 1s mcident on the depletion layers, pairs of
holes and electrons, of which the number 1s proportional to
the amount of energy loss of the radiation, are generated. The
pairs of holes and electrons are drifted 1n accordance with the
orientations of electric fields within the depletion layers and
output as charges to the signal processing devices 203 from
clectrodes connected to the p-type and n-type semiconduc-
tors.

[0089] The scintillation counters are radiation sensors com-
posed of a fluorescent material (Nal crystal, GSO crystal,
organic EL, or the like) and optical detectors (optical photo-
multipliers). The fluorescent material serves as the 1onization
layers. When radiation 1s incident on the scintillation
counters, the fluorescent material emits fluorescence with an
amount proportional to energy loss of the radiation. The opti-
cal detectors generate charges with an amount proportional to
the amount of the emitted fluorescence and output the charges
to the signal processing device 205.

[0090] Next, a procedure for measuring an IDD of the pro-
ton beam using the radiation measuring device 101 according,
to the embodiment 1s described.

[0091] First, the radiation measuring device 101 1s fixed
onto the patient couch 114 1n an 1rradiation chamber of the
proton beam 1rradiation device 102.

[0092] Next, the patient couch 114 1s moved so that the
position of the radiation measuring device 101 1s determined
using, as a standard, a laser marker for determination of the
position of a patient. In the embodiment, the position of the
radiation measuring device 101 i1s determined so that the

beam axis passes through the centers of the small electrodes
401 of the layers of the sensor unit 203.

[0093] Adter of the position has been determined, an opera-
tor turns on a power supply of the range shifter driving control
device 202, the high-voltage power supply 204, and the signal
processing device 205, by use of the main control device 206.
All the energy absorbers 201 A of the range shifters 201 stand
by while being placed out of the path of the beam.

[0094] Next, the operator sets desired measurement inter-
vals 1n the main control device 206. In the embodiment, the
operator sets the measurement intervals to a relatively large
value of 1.0 mm on the assumption that the IDD measurement
1s performed 1n a case where incidence the beam energy 1s
high or where a wide Bragg peak 1s obtained. In addition, the
operator sets, using the main control device 206, 1rradiation
conditions (the beam energy, the positions of spots to be
irradiated, the number of the spots to be rradiated, and the
like) of the proton beam irradiation device 102, thereby
instructing to start the irradiation with the beam.
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[0095] The signal processing device 203 starts accumulat-
ing charges, and the radiation measuring device 101 1s irra-
diated with the beam 1n accordance with the conditions set 1n
the main control device 206 by the operator. In the IDD
measurement according to the embodiment, each spot that 1s
located on the beam axis 1s 1irradiated with the beam, and thus
the scanning electromagnets included in the 1rradiation
nozzle 110 are not excited.

[0096] Adter the 1rradiation with the beam has been com-
pleted, the proton beam irradiation device 102 transmits an
irradiation completion signal to the signal processing device
205. Upon receiving the irradiation completion signal, the
signal processing device 205 stops accumulating of charges
and digitalizes accumulation values representing charges
obtained from the small and large electrodes 401 and 402 of
the layers of the sensor unit 203, thereby transmitting the
accumulation values to the main control device 206. The
signal processing device 205 also digitalizes accumulation
values representing ionized charges obtained from the dose
monitor 112 and transmits the accumulation values to the
main control device 206.

[0097] The main control device 206 stores the transmitted
accumulation values. In addition, the main control device 206
normalizes the accumulation values obtained from the sensor
unit 203 using the accumulation values obtained from the
dose monitor 112, then the main control device 206 stores the
normalized accumulation values. After the completion of the
storage, the signal processing device 205 resets all accumu-
lation values stored therein.

[0098] Next, the main control device 206 instructs the
range shifter driving control device 202 to insert the energy
absorbers 201 A. In the embodiment, the range shifter driving
control device 202 1nserts the energy absorbers 201 A having
the water equivalent thicknesses of 0.2 mm and 0.8 mm.

[0099] When the insertion of the energy absorbers 201 A 1s
completed, the main control device 206 reinstructs the proton
beam irradiation device 102 to perform the irradiation with
the beam 1n accordance with the conditions initially set by the
operator.

[0100] The signal processing device 203 starts accumulat-
ing charges, and the radiation measuring device 101 1is irra-
diated with the beam.

[0101] When the 1rradiation with the beam 1s completed
and the signal processing device 203 recerves the 1rradiation
completion signal, the signal processing device 205 stops
accumulating charges. The signal processing device 205 then
digitalizes accumulation values representing 1oni1zed charges,
with the accumulation values being obtained from the small
and large electrodes 401 and 402 of the layers of the sensor
unit 203. Then, the signal processing device 203 transmuits the
accumulation values to the main control device 206. In addi-
tion, the signal processing device 2035 digitalizes accumula-
tion values representing 1onized charges, with the accumula-
tion values being obtained from the dose monitor 112. The
signal processing device 205 then transmits the accumulation
values to the main control device 206.

[0102] The main control device 206 stores the transmitted
accumulation values. In addition, the main control device 206
uses the accumulation values obtained from the dose monitor
112 to normalize the accumulation values obtained from the
sensor unit 203 and also stores the accumulation values. After
the completion of the storage, the signal processing device
205 resets all accumulation values stored therein.
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[0103] Inaddition, the main control device 206 instructs the
range shifter driving control device 202 to insert the energy
absorbers 201 A having the water equivalent thicknesses of
0.4 mm and 1.6 mm. The energy absorbers 201 A having the
water equivalent thicknesses of 0.2 mm and 0.8 mm are
retracted from the beam path.

[0104] When the imsertion and retraction of the energy
absorbers 201 A are completed, the main control device 206
reinstructs the proton beam irradiation device 102 to perform
the wrradiation with the beam 1n accordance with the condi-
tions 1nitially set by the operator. In order to measure Bragg
curves at the measurement intervals of 1.0 mm, the measure-
ment 1s repeated while the total water equivalent thicknesses
of the energy absorbers 201 A 1nserted onto the beam axis are
0.0 mm (all the energy absorbers 201 A are placed out of the
path of the beam), 1.0 mm, 2.0 mm, and 3.0 mm.

[0105] When the range shifters are operated in the afore-
mentioned manner, the operator can measure IDDs at the
intervals of 1.0 mm using the radiation measuring device 101
having the sensors arranged at the intervals of 4 mm accord-
ing to the embodiment.

[0106] When the driving of all the range shifters 1s termi-
nated, measurement results are processed.

[0107] First, when the total water equivalent thickness of
the energy absorbers 201 A inserted 1s r, accumulated charge
obtained from small electrodes 401 facing an 1onization layer
11s represented by Qs(1, r) and accumulated charge obtained
from large electrodes 402 facing the 1onization layer 1 1s
represented by QI@, r). As described above, these values are
normalized by the main control device 206 using accumula-
tion values obtained from the dose monitor 112. When all
measurements are completed, the main control device 206
causes the first calculator 20656 to sum Qs(1, r) and QI(1, r) and
calculate an IDD(1, r). Specifically, the first calculator 20656
calculates the following Equation (1).

IDD(,7)=Nx(Qs(i,r)+QI(i,r)) (1)

where, N 1s a conversion factor for converting charges 1nto a
dose. The conversion factor 1s stored in the main control
device 206 by the operator 1n advance. The charge collection
printed boards 301, the high-voltage application printed
boards 302, and the water equivalent thicknesses of the 10n-
ization layers are measured by the operator 1n advance, and
information of the charge collection printed boards 301, the
high-voltage application printed boards 302, and the water
equivalent thicknesses of the 1oni1zation layers 1s registered 1n
the main control device 206. The main control device 206
causes the first calculator 2065 to convert the IDD(1, r) into an
IDD(x) on the basis of the registered information. In this case,
X 1s a depth from a water surface.

[0108] In order to reduce a difference between the mea-
sured value and a value measured by a water phantom, the
main control device 206 causes the second calculator 206¢ to
correct the IDD(x) using a correction coelficient C(E, x).
Specifically, the second calculator 206¢ calculates the follow-
ing Equation (2).

IDD'(x)=C(£,x)xIDD(x) (2)

where, IDD'(x) 1s an mtegral depth dose IDD after the cor-
rection, E 1s incidence the beam energy on the sensor unit 203,
and x 1s a depth from the water surface. Since the difference
from the water phantom 1s caused by a difference in nuclear
cross sections of the material included in the sensor unit 203

and water and the like, the correction coefficient C(E, x)
depends on the depth x from the water surface and the 1nci-
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dence energy E. The operator uses a Monte Carlo method or
the like to calculate dose profiles of the radiation measuring
device 101 and water, digitalizes a difference for each value
of the incidence energy E and each depth x from the water
surface, generates the correction coellicient C(E, x), and reg-
isters the correction coelficient C(E, x) 1n the main control
device 206 in advance. The correction coellicient C(E, X) may
be a function or a table.

[0109] Inaddition, even if the correction coellicient C(E, x)
1s generated on the basis of measurement data of the water
phantom and measurement data of the radiation measuring
device 101, the same elfect can be obtained. In this case, the
operator needs at first to temporarily register a correction
coellicient C(E, x)=1 in the main control device 206 and uses
the radiation measuring device 101 to measure a dose profile
without the correction.

[0110] Lastly, the main control device 206 displays on a
display (not shown) an IDD'(x) for each depth x from the
water surface. The operator confirms and analyzes the dose
profiles displayed on the display and evaluates results of
adjusting the proton beam irradiation device 102 and the
performance of the proton beam irradiation device 102.
[0111] A procedure for calculating the incidence energy E
by the main control device 206 1s described below.

[0112] First, the main control device 206 calculates a peak
value from the obtained IDD(x) and normalizes the IDD(x)
using the peak value as 100%. In addition, the main control
device 206 causes the third calculator 2064 to calculate a
position at which a dose 1s 90% 1n a region deeper than a spot
corresponding to the peak value, and the third calculator 2064
treats the calculated position as a range R.

[0113] Next, the main control device 206 calculates the
incidence energy E from a beforehand registered relational
expression of the incidence energy E and the range R. The
incidence energy E can be expressed by a function of the
range R.

[0114] In the embodiment, a position at which a dose 1s
90% 1s treated as the range R. However, a position at which a
dose 1s 80% may be defined as the range R, and a relational
expression of the incidence energy E and the range R may be
generated and registered 1n the main control device 206.
[0115] Next, the main control device 206 calculates the
correction coetlicient C(E, x) from the incidence energy E
calculated according to the atorementioned procedure, cor-
rects the IDD(x) according to Equation (2), and calculates the
IDD'(x).

[0116] In the embodiment, the correction coelficient 1s
expressed by C(E, x). The incidence energy E has a one-on-
one relationship with the range R. Thus, even 11 the correction
coellicient 1s expressed by C(R, x), the same effect can be
obtained.

[0117] A profile shape of the IDD(x) 1s different from that
of the IDD'(x). To appropriately calculate the range R from
the IDD (x) before the correction, the following procedure
may be added to the correction which will be performed by
the main control device 206:

[0118] 1) calculate the range R from the IDD(x);

[0119] 2) correct the IDD(X) on the basis of the calculated
range R

[0120] 3) calculate the range R from the IDD'(x); and
[0121] 4) repeat processes 2) and 3) until the calculation

result of the range R converges.
[0122] In the embodiment, the range R 1s calculated from
the IDD(x), and the 1rradiation beam energy E 1s calculated
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from the relational expression of the 1rradiation beam energy
E and the range R. However, the proton beam irradiation
device 102 has information of the irradiation beam energy E.
Thus, the proton beam irradiation device 102 may output the
information of the beam energy E to the main control device
206, and the main control device 206 may calculate the cor-
rection coetficient C(E, x) on the basis of the information.

[0123] The correction coellicient to be used by the second
calculator 206¢ of the main control device 206 1s expressed by
C(E, x) in the embodiment, but 1s not limited to this. If a
radiation measuring device (e.g. having a configuration in
which the electrodes of the charge collection printed boards
301 are each divided into parts arranged 1n a matrix form or
into stripe parts, thus allowing ionized charges to be sepa-
rately obtained from each of the divided electrodes) that 1s
capable of measuring dose profiles in the depth direction and
the lateral direction, the correction coellficient can be
expressed by C(E, x, vy, z), where y and z represent positions
in the lateral direction. According to the invention, the same
elfect can be obtained with such a correction coetlicient.

[0124] In addition, the radiation measuring device 101
according to the embodiment can measure a PDD in the
volume 1rradiation with high precision. The volume irradia-
tion 1s to form a uniform dose profile 1n an arbitrary region
(referred to as an affected area or a target) of an object to be

irradiated, 1n accordance with the procedure of the scanning
irradiation method.

[0125] Operations of the proton beam irradiation device
102 and operations of the radiation measuring device 101 1n
PDD measurement performed in the volume 1rradiation are
described with reference to FI1G. 6. FIG. 6 1s atlowchart of the
PDD measurement performed 1in the volume 1rradiation, the
flowchart including the operations of the proton beam irra-
diation device 102 and the radiation measuring device 101.

[0126] First, the radiation measuring device 101 1s fixed
onto the patient couch 114 in the irradiation chamber of the
proton beam irradiation device 102 1n the same manner as the
IDD measurement.

[0127] Next, the patient couch 114 1s moved so that the
position of the radiation measuring device 101 1s determined
using, as the standard, the laser marker for determination of
the position of a patient. In the embodiment, the position of
the radiation measuring device 101 1s determined so that the
beam axis passes through the centers of the small electrodes
401 of the layers of the sensor unit 203.

[0128] Adter the position has been determined, the operator
turns on the power supply of the range shifter driving control
device 202, the high-voltage power supply 204, and the signal
processing device 205, by use of the main control device 206.
All the energy absorbers 201 A of the range shifters 201 stand
by while being placed out of the path of the beam.

[0129] Next, the operator sets desired measurement inter-
vals 1n the main control device 206. In the embodiment, the
operator sets the measurement 1ntervals to 1.0 mm. In addi-
tion, the operator sets, from the main control device 206,
conditions (the beam energy, the positions of spots to be
irradiated, the number of the spots to be rradiated, and the
like) of the volume irradiation to be performed by the proton
beam irradiation device 102 (step S601). When the setting of
the measurement intervals and the setting of the conditions
are completed or the 1rradiation 1s completely prepared, the
operator starts to instruct the irradiation with the beam (step

3602).
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[0130] The signal processing device 203 starts accumulat-
ing charges, and the radiation measuring device 101 1s irra-

diated with the beam 1n accordance with the conditions set in
the main control device 206 by the operator (step S603).

[0131] When the predetermined dose 1s added to a first spot
(step S604), the proton beam 1rradiation device 102 stops the
irradiation with the beam and determines whether a next spot
exists (whether irradiation of all spots located at a certain
depth (or 1n a certain layer) has been completed) (step S605).
If the 1rradiation of all the spots located at the certain depth
has yet to be completed, the proton beam 1rradiation device
102 scans the beam to the next spot (step S606). To scan the
beam 1n the lateral direction, the scanming electromagnets
included 1n the 1rradiation nozzle 110 are used.

[0132] If the proton beam irradiation device 102 deter-
mines that the predetermined dose has been applied to all the
spots located at the certain depth (or in the certain layer) 1n
step S605, the proton beam irradiation device 102 stops the
irradiation with the beam and transmits an energy change
signal to the signal processing device 205 (step S607).

[0133] Upon recerving the energy change signal, the signal
processing device 205 stops accumulating charges, causes the
accumulating unit 205q to digitalize accumulation values
obtained from the small and large electrodes 401 and 402 of
the layers of the sensor unit 203. Then the signal processing
device 205 transmits the accumulation values to the main
control device 206 through the output unit 2055. The main
control device 206 stores the transmitted accumulation values
in the storage unit 206a. After the completion of the storage,
the signal processing device 205 resets all accumulation val-
ues stored therein (step S608).

[0134] Adfter that, the proton beam irradiation device 102
determines whether the irradiation of all depths has been
completed (whether the irradiation of all layers has been
completed) (step S609). I the 1rradiation 1s not completed,
the signal processing device 205 resets the accumulation
values and restarts accumulating charges. The proton beam
irradiation device 102 scans the beam 1n the depth direction,
and the proton beam irradiation device 102 sets conditions for
irradiation of spots located at a next depth with the beam (step
S5610), restarts the irradiation with the beam, and continues
the processes of steps S602 to S610. The beam scanning in the
depth direction 1s performed by changing the energy beam,
which 1s caused by the range shifters mounted on the syn-
chrotron 108, the irradiation nozzle 110, or the like.

[0135] In the next depth, as same manner as the previous
depth, after predetermined dose has been applied to all spots
located, the proton beam 1rradiation device 102 stops the
irradiation with the beam and transmits the energy change
signal to the signal processing device 205. Upon receiving the
energy change signal, the signal processing device 205 stops
accumulating charges, digitalizes accumulation values repre-
senting 1onized charges and obtained from the small and large
clectrodes 401 and 402 of the layers of the sensor unit 203,
and transmits the accumulation values to the main control
device 206. The main control device 206 stores the transmit-
ted accumulation values. After the completion of the storage,
the signal processing device 205 resets all accumulation val-
ues stored therein. After resetting the accumulation values,
the signal processing device 205 restarts accumulating
charges. The proton beam irradiation device 102 scans the
beam 1n the depth direction, and the proton beam 1rradiation
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device 102 restarts 1rradiating spots located at the next depth
with the beam. Thus, the uniform doses are added to all the
Spots.

[0136] In this manner, the radiation measuring device 101
uses the energy change signal output from the proton beam
irradiation device 102 to separately obtain accumulation val-
ues of 1onized charges for each value of the beam energy and
stores the accumulation values 1n the main control device 206.

[0137] If the proton beam irradiation device 102 deter-
mines that the 1rradiation of all the depths has been completed
in step S609, the proton beam irradiation device 102 outputs
the 1rradiation completion signal. Upon receiving the 1rradia-
tion completion signal, the signal processing device 205 stops
accumulating charges, digitalizes accumulation values repre-
senting 1onized charges which were obtained from the small
and large electrodes 401 and 402 of the layers of the sensor
unit 203, and transmits the accumulation values to the main
control device 206. The main control device 206 stores the
transmitted accumulation values. After the completion of the
storage, the signal processing device 205 rests all accumula-

tion values stored therein.

[0138] Next, the proton beam irradiation device 102 deter-
mines whether all the range shifters have been driven in a
scheduled manner (step S611). If the proton beam 1rradiation
device 102 determines that not all the range shifters have not
been driven, the main control device 206 instructs the range
shifter driving control device 202 to insert an interested

energy absorber 201A (step S612).

[0139] Specifically, 1n the embodiment, the energy absorb-
ers 201 A with the water equivalent thicknesses 01 0.2 mm and
0.8 mm are first inserted. After the energy absorbers 201A has
been inserted, the main control device 206 reinstructs the
proton beam 1rradiation device 102 to perform the 1rradiation
with the beam 1n accordance with the conditions 1nitially set
by the operator. The signal processing device 205 starts accu-
mulating charges and the radiation measuring device 101 1s
irradiated with the beam. The measurement 1s repeated so that
the total water equivalent thicknesses of the energy absorbers
201A 1nserted on the beam axis are 0.0 mm (all the energy
absorbers 201 A are placed out of the path of the beam), 1.0
mm, 2.0 mm, and 3.0 mm. Since the range shifters are oper-
ated 1n the aforementioned manner, the operator can use the
radiation measuring device 101 having the sensors arranged
at the intervals of 4.0 mm to measure PDDs of spots arranged
at the intervals of 1.0 mm.

[0140] On the other hand, if the proton beam irradiation
device 102 determines that all the range shifter have been
driven, a process of calculating measurement results 1s per-
formed.

[0141] If the inserted energy absorbers 201A has a total
water equivalent thickness of r from the measurement result
with the beam having a j-th energy value, the accumulating,
unit 205a of the signal processing device 205 calculates as
Qs(1, 1, r) the accumulated charges obtained from the small
clectrodes 401 facing the 1onization layer 1. When all mea-
surements are completed 1n the same manner as the IDD
measurement, the first calculator 2065 of the main control
device 206 converts (Qs(1, 1, r) into PDD(3, 7, X) 1n accordance
with the following Equation (3).

PDD(,;,7)=NxQOs(i j,7) (3)

[0142] The charge collection printed boards 301, the high-
voltage application printed boards 302, and the water equiva-
lent thicknesses of the ionization layers are measured and
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registered in the main control device 206 by the operator in
advance. The main control device 206 converts PDD(y, 1, r)
into PDD(j, x) on the basis of the registered information (step
S613). Note that x 1s a depth from the water surface.

[0143] The main control device 206 causes the third calcu-
lator 206d to calculate the range R from PDD(j, x) and cal-
culate the energy E of the beam from the relational expression
of the range R and the energy E of the beam 1n the same
manner as the IDD measurement. In addition, the main con-
trol device 206 causes the second calculator 206¢ to calculate
the correction coellicient C(E, x) on the basis of the calculated
energy E of the beam and correct PDD(3, X) and obtain PDD'
(1, X) (step S614). Specifically, the second calculator 206¢
calculates the following Equation (4).

PDD'(x)=C(E,x)xPDD'(j,x) (4)

[0144] In addition, the second calculator 206¢ of the main
control device 206 sums PDD'(3, x) and obtains PDD"(X) 1n

the volume irradiation according to the following Equation
(3) (step S615).

PDD"(x)=EPDD'(j.x) (5)

[0145] Lastly, the main control device 206 outputs a result
of measuring PDD"(x) on a display 208 (step S616).

[0146] The operator confirms and analyzes the result and
evaluates a result of adjusting the proton beam irradiation
device 102 and the performance of the proton beam irradia-
tion device 102.

[0147] The correction coellicient C(E, x) depends on the
beam energy E. It 1s, therefore, difficult to correct measure-
ment values obtained under a condition that beams with dif-
ferent energy values are used like the aforementioned volume
irradiation.

[0148] According to the mvention, however, the proton
beam irradiation device 102 outputs the signal to the signal
processing device 205 upon a change 1n the beam energy. The
signal processing device 2035 separately acquires measure-
ment values at each reception of the signal. Thus, the dose
measurement for each value of the energy in the volume
irradiation 1s performed. Accordingly, 1n the volume 1rradia-
tion 1n which beams with different energy values are used, 1t
1s possible to perform the correction using the correction
coellicient C(E, x) and measure doses with high precision.
[0149] The mvention 1s also applicable to a proton beam
irradiation device that has a range modulation wheel (RMW)
in the rradiation nozzle 110. FIG. 7 1s an outline diagram
illustrating the range modulation wheel.

[0150] As illustrated 1n FIG. 7, the RMW 701 includes a
plurality of blades having thicknesses that are different for
rotational angles. When the RMW 701 rotates around a rota-
tional axis 703, a beam passes through plates having different
thicknesses at each specific rotational angle. Specifically, the
beam energy 1s changed for each specific rotational angle.
When beams propagate with different energy values for irra-
diation due to the rotation of the RMW 701, dose profiles that
are uniform 1n the depth direction are formed. The RMW 701
1s generally used for the scatterer irradiation method. If the
RMW 701 and a scatterer formed of a tungsten plate or the
like are used, dose profiles that are umiform 1n the lateral
direction are also formed.

[0151] According to the invention, an angular sensor 704 1s
installed for the RMW 701. The operator registers, in the
angular sensor 704, rotational angles (of, for example, 0
degrees, 10 degrees, 20 degrees, at which the thickness of a
blade 702 changes. The angular sensor 704 detects a rota-
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tional angle of the RMW 701. When the thickness of the blade
702 changes, the angular sensor 704 transmits an energy
change signal to the signal processing device 205. When
receiving the energy change signal, the signal processing
device 203 separately acquires measurement values. Specifi-
cally, the radiation measuring device 101 separately acquires
data for each of the thicknesses of the blades 702 or for each
energy value of the beam, thereby storing the data in the main
control device 206. The radiation measuring device 101 can
measure doses with high precision by correcting measure-
ment values obtained according to the same procedure as the
alforementioned scanning irradiation method.

[0152] According to the embodiment as described above,
the radiation measuring device having the plurality of radia-
tion sensors, typified by a multilayer 1onization chamber, can
measure doses with high precision and has a reduced ditfer-
ence from water phantoms. Thus, the multilayer 1onization
chamber can be used for a larger number of confirmation
items, and a time for performance confirmation of therapy
device 1s reduced.

[0153] The 1nvention 1s not limited to the atorementioned
embodiment and may be variously modified and changed and
1s applicable to the modifications and changes. The embodi-
ment 1s described 1n detail 1n order to clarify the invention and
1s not necessarily limited to the devices having all the con-
figurations described above.

[0154] Forexample, the proton beam irradiation device 102
may output a spot switching signal to the signal processing
device 205 not when the energy change signal 1s transmitted
and received, but when the irradiation with the beam 1s
stopped after the predetermined dose has been applied to a
certain spot. In this case, the signal processing device 2035
may separately receive the measurement values according to
the input signal.

[0155] Specifically, even 1f the method for separately
acquiring a measurement value for each spot 1s used, the same
elfects as the invention can be obtained. This 1s due to the fact
that the beam energy 1s constant within a single spot.

What 1s claimed 1s:

1. A radiation measuring device that detects a particle beam
emitted by a particle beam 1rradiation device, comprising:

a sensor unit having a plurality of sensor elements config-
ured to generate charges in response to the particle
beam:;

a signal processing device configured to separately collect,
for each of the sensor elements, charges generated by
cach of the sensor elements of the sensor unit and per-
form an accumulation process; and

a main control device configured to calculate a dose profile
from accumulation values calculated 1n the accumula-
tion process performed by the signal processing device,

wherein the signal process device includes

an accumulating unit configured to separately accumus-
late, for each of the sensor elements, charges output
from each of the sensor elements for each timing of
signal reception from the particle beam 1rradiation
device, and

an output umt configured to output the accumulation
values calculated 1n the accumulation process per-
formed by the accumulating unit to the main control
device, and
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wherein the main control device includes

a storage unit configured to store the accumulation val-
ues calculated for each timing of the signal reception
from the signal processing device,

a first calculator configured to calculate, from the accu-
mulation values stored in the storage unit, the dose
profile for each timing of the signal reception, and

a second calculator configured to correct the dose profile
for each timing of the signal reception calculated by
the first calculator, and sum the corrected dose pro-

files.

2. The radiation measuring device according to claim 1,

wherein the signal processing device receives the signal
from the particle beam irradiation device when the irra-
diation energy of the particle beam 1s changed.

3. The radiation measuring device according to claim 1,

wherein the signal processing device receives the signal
from the particle beam irradiation device when an irra-
diation spot for the particle beam 1s changed.

4. The radiation measuring device according to claim 1,

wherein the second calculator of the main control device

corrects the dose profile using a coetlicient that depends
on the 1rradiation energy of the particle beam.

5. The radiation measuring device according to claim 1,

wherein the sensor unit has a structure in which the sensor
clements are stacked in a propagation direction of the
particle beam, and

wherein the main control device further includes a third
calculator configured to calculate a range of the particle
beam from the dose profiles calculated by the first cal-
culator, each the dose profiles being obtainable for each
timing of the signal reception.

6. A particle beam therapy device comprising;:
the particle 1rradiation device; and

the irradiation measuring device according to any of claims
1toS.

7. The particle beam therapy device according to claim 6,

wherein the particle beam 1rradiation device includes a
range modulation wheel, and

wherein the particle beam 1rradiation device outputs a sig-
nal to the signal processing device of the radiation mea-
suring device when a thickness of the range modulation
wheel 1s changed.

8. The particle beam therapy device according to claim 6,

wherein the particle beam 1rradiation device outputs a
value of the beam energy to the main control device.

9. A method for calculating a dose profile of a particle beam
emitted by a particle beam irradiation device, comprising the
steps of:

arranging a sensor unit having a plurality of sensor ele-
ments configured to generate charges 1n response to the
particle beam 1n a propagation direction of the particle
beam;

irradiating the sensor unit with the particle beam, sepa-
rately collecting, for each of the sensor elements,
charges generated by each of the sensor elements of the
sensor unit, and separately accumulating, for each of the
sensor elements, charges output from each of the sensor
clements for each timing of a signal reception from the
particle beam irradiation device, thereby calculating
accumulation values;
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calculating, from the accumulation values calculated 1n the
accumulated value calculation step, dose profile for each
timing of the signal reception from the particle irradia-
tion device;

correcting the dose profiles calculated in the dose profile
calculation step, each of the dose profiles being obtain-
able for each timing of the signal reception; and

summing the dose profiles corrected 1n the correction step.

10. The dose profile calculation method according to claim

9,

wherein 1n the correction step, the dose profiles are cor-
rected using a coeflicient that depends on the irradiation
energy of the particle beam.
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